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EFFECT OF SIMULATED FORWARD AIRSPEED ON SMALL-SCALE-MODEL
EXTERNALLY BLOWN FLAP NOISE
by Jack H. Goodykoontz, Robert G. Dorsch, and William A. Olsen

Lewis Research Center

SUMMARY

Noise tests were conducted on a small-scale model of an externally blown flap lift
augmentation system by subjecting it to external flow that simulated takeoff and landing
flight velocities, External flow was achieved by placing the nozzle/wing model in a 33-
centimeter-diameter free jet., The test configurations consisted of a 5. 08-centimeter-
diameter conical nozzle, an eight-tube mixer nozzle with an equivalent diameter of
3. 98 centimeters, and a wing maqdel (chord length, 32,4 cm) with two flaps that could
be set at various angles relative to the wing chord line. Test-nozzle jet velocities
ranged from 208 to 340 meters per second, and external flow velocities from 0 to
79 meters per second,

The results showed that external flow attenuated the noise from the various config-
urations over the range of conditions investigated. The amount of attenuation depended
on flap setting, That is, more attenuation occurred for a trailing-flap setting of 20°
than for a more highly deflected flap setting of 60°. Noise radiation patterns were es-
sentially unaffected by external flow, Noise varied with relative velocity (nozzle jet
velocity minus external flow velocity) as a function of the trailing-flap setting and the
angle from the nozzle inlet,

Data for the nozzles alone showed that external flow also attenuated the jet exhaust
noise. Over the range of velocities tested, the total sound power of the nozzles varied
as the sixth power of relative velocity.

INTRODUCTION

A number of experimental model studies have been made to determine the noise-
generating characteristics of short-takeoff-and-landing (STOL) aircraft employing an



externally blown flap (EBF) lift augmentation system with lower surface blowing (refs.
1 to 5). The results have shown that flap noise is proportional to the sixth power of
peak flap impingement velocity, so a slight increase in impingement velocity causes a
substantial rise in flap noise. The experimental results presented in references 1 to 5
were obtained under static conditions, and thus the effect of flight velocity was not
established.

Additional experimental work reported in reference 6 on peak-velocity decay rates
from various nozzle configurations showed that forward velocity tends to decrease the
decay rate of the jet exhaust. This implies an increase in flap noise for an EBF sys-
tem as a result of the higher impingement velocity, Conversely, however, the jet ex-
haust noise was attenuated when the nozzles were subjected to forward airspeed.
Therefore, the net effect of forward velocity on the noise signature of an EBF system
remained to be determined.

This report presents the results of an experimental program that was undertaken
to investigate the effect of simulated forward airspeed on the acoustic characteristics
of an EBF system model.

Flow from a large conical nozzle (33-cm diam) was used to supply the external
flow field to the test models. The test nozzle/wing models were mounted downstream
of the exit of the large nozzle and centered on its axis. The test configurations con-
sisted of a conical nozzle (5. 08-cm diam), an eight-tube mixer nozzle (3. 98-cm equiv-
alent diam), and a model of a wing with two flaps that could be placed in various set-
tings relative to the wing chord line (32, 4-cm chord length with flaps retracted).

APPARATUS AND PROCEDURE
Airflow System

The airflow system (fig. 1) consisted essentially of a source of high-pressure air,
flow throttling valves, mufflers, and the nozzles. Dry, cold air (280 to 300 K) was
supplied to the 40, 6-centimeter-diameter gate shutoff valve from a high-pressure air
supply system (1. 03><106 N/ m2 max, ) by way of a 60, 9-centimeter-diameter under-
ground pipeline, Downstream of the gate shutoff valve the piping branched into two
lines. One line consisted of a 10. 2-centimeter-diameter pipe that supplied air to the
small test nozzle that simulated the jet engine flow. The flow from the small nozzle
was high velocity (200 to 340 m/sec). A globe valve was used to control the flow rate.
A perforated plate with an open area of 20 percent was mounted in the 10. 2-centimeter
line downstream of the globe valve to eliminate low-frequency valve noise, Two muf-
flers downstream of the perforated plate attenuated the high-frequency noise caused by
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flow through the plate. The first muffler was a tank with internal baffles that created
a tortuous path for the flow, The interior surface of the tank and all surfaces of the
baffles were lined with acoustically absorbent material. The second muffler was lo-
cated farther downstream and consisted of a 20, 32-centimeter-diameter pipe acousti-
cally lined on its interior surface.

The second flow line downstream of the gate shutoff valve led to a 25, 4-centimeter-
diameter butterfly valve. The butterfly valve was used to control the flow through the
large nozzle (free jet) that simulated forward velocity for the test models. The muf-
fler system for this portion of the facility consisted of perforated plates and dissipative
mufflers and is described in detail in references 1, 4, and 5.

The centerlines of the small and large nozzles were coincident and located 3. 91
meters above grade.

Test Models

Two different nozzles for engine simulation were used in this program; a 5. 08&-
centimeter-diameter conical nozzle and an eight-tube mixer nozzle with an equivalent
diameter of 3.98 centimeters. The conical-nozzle/wing combination was a scaled-
down version (scale factor, 6. 5) of the apparatus described in reference 1. Further,
the large-scale model of reference 1 was based on one of the designs for an EBF con-
figuration described in references 7 and 8, For the mixer-nozzle/wing combination it
was arbitrarily decided to maintain approximately the same ratio of Xi/ D (or Xi/ De
for the mixer nozzle as was used for the conical-nozzle/wing combination. This ratio
was 7. 24 for the conical nozzle and 7. 08 for the mixer nozzle. (All symbols are de-
fined in the appendix.)

The test installation with the 5, 08-centimeter-diameter conical nozzle in place is
shown in figure 2. The test setup for this nozzle/wing model is shown in figure 3.
The nozzle was attached to the 10. 2-centimeter-diameter supply line concentrically
with the 33-centimeter-diameter convergent nozzle (fig. 3(a)). The exit plane of the
5. 08-centimeter-diameter nozzle was 22, 8 centimeters downstream of the exit of the
larger nozzle,

The wing had two flaps that were adjusted to any of three combinations of angle
settings with respect to the wing chord line (1) 10°-20°, (2) 30°-60°, and (3) 0°
(retracted). The wing had a span of 61 centimeters and a chord length of 32, 4 centi-
meters with the flaps retracted. The leading edge of the wing was 6. 06 centimeters
downstream of the exit of the 5. 08-centimeter-diameter nozzle and 9, 15 centimeters
above the nozzle axis. Thus, the wing passed entirely through the flow field of the
free jet. The wing chord line was set at a 5° angle of attack relative to the nozzle axis



and was mounted with the spanwise direction in a vertical plane, Details of the conical

nozzle are shown in figure 3(b).

The eight-tube mixer nozzle installed in the facility is shown in figure 4, Figure
5(a) gives the test setup for this nozzle/wing model. The mixer-nozzle exit was 31, 40
centimeters downstream of the exit of the 33-centimeter-diameter nozzle and 2, 54
centimeters downstream of the leading edge of the wing, Again, the leading edge of
the wing was 9. 15 centimeters above the axis of the nozzle, and the wing chord line
was set at a 5° angle of attack relative to the nozzle axis. Figure 5(b) gives the de-
tails of the mixer nozzle., The nozzle had eight 1. 41-centimeter-diameter tubes
equally spaced on an 8-centimeter-diameter circle. Inlets to the tubes were cham-
fered to 45°. The flow coefficient for the nozzle (ratio of actual flow to ideal flow) was
calculated to be approximately 0. 8. The equivalent diameter of the mixer nozzle (di-
ameter of a single tube with the same total exit area) was 3. 98 centimeters with an
area ratio, or ratio of the base area to the total flow area, of 8.2, The ratio of the
side flow area between the tubes to the base area, or the ventilation factor, was about

1. 5.

Instrumentation

The noise data were measured by fifteen 1. 27-centimeter-diameter condenser
microphones placed at various intervals on a 3, 05-meter-radius circle around the
The center of the microphone circle was at

nozzle/wing model, as shown in figure 6.
The microphone circle

the exit of the 5, 08-centimeter-diameter convergent nozzle.
was in a horizontal plane 3. 91 meters above an asphalt surface and perpendicular to
the vertically mounted wing., The plane of the microphone circle passed through the
A standard piston calibrator (124+0, 2 dB, 250-Hz tone) was used to cali-

nozzle axes,
Wind screens were placed on all microphones.

brate the condenser microphones,
The noise data were analyzed by a 1/3-octave-band spectrum analyzer.,
Strain- gage pressure transducers were used to measure total pressures upstream

of the nozzles. Temperatures were measured upstream of the nozzles by thermocou-

ples immersed in the flow stream.
Weather data (barometer, temperature, humidity, and wind speed and direction)

were also monitored and/or recorded.

Procedure

Far-field noise data were taken at various pressure ratios across the model noz-
zle and/or across the free-jet nozzle for a variety of conditions. The test configura-
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tions and conditions are given in table I, These are summarized as follows: Each
nozzle (conical or mixer) was tested both alone and with the wing (at flap positions of
100—200, 300—600, and OO). For each configuration, data were obtained with only
the free jet operating, with only the model jet operating, and with both the model and
the free jet operating.

Typically, the test procedure was to obtain steady flow conditions for a given total
pressure upstream of each nozzle. Three noise data samples were taken at each mi-
crophone location. An atmospheric loss correction was applied to the average of the
three samples to give lossless sound pressure level data at a 3. 05-meter radius.
Ground reflections had an influence on the data below 200 hertz. Thercfore, the spec-
tral data were only considered from 200 hertz to 20 kilohertz,

It was found that the low-frequency noise (200 to 400 Hz) from the free jet contri-
buted substantially to the total noise of the test configurations, Therefore, the frece-
jet noise was subtracted from the total test configuration noise. Thus, the cffect of
the external flow on the noise came from the small-scale model alone. The free-jet
noise was obtained with the complete configuration in place but without flow through the
test nozzles. In this manner, the free-jet noise spectra were determined at each of
the free-jet test velocities. The subtraction of the free-jet noise was performed over
the entire frequency range (200 Hz to 20 kHz). Above 500 hertz the separation between
the two levels was so great in most cases that the correction was negligible, It was
arbitrarily decided that, if the separation was less than 2 decibels, the data were un-
reliable and would be omitted from the analysis. The overall sound pressure levels
were calculated from the corrected sound pressure levels at each microphone location,

Nozzle jet velocities were calculated from the isentropic equations by using the
ratio of total to atmospheric pressures and the total temperature measured upstream
of the nozzle exits.

AERODYNAMIC RESULTS

In references 3 and 5 it was demonstrated that flap noise for the static case (no
external flow) could be correlated in terms of the sixth power of peak flap impingement
velocity and the area of impingement., The peak velocities and the impingement areas
were determined from velocity profiles that were obtained without the wing in place
(nozzles alone). In this section it is shown how the velocity profiles (and hence im-
pingement areas) and the peak velocities are influenced by external flow,

Velocity profiles downstream of the exits of the 5. 08-centimeter-diameter conical
nozzle and the eight-tube mixer nozzle were obtained as part of the study described in
reference 6, In that study the nozzles were mounted in a 1, 83-meter by 2. 74-meter



wind tunnel that provided the external flow,

The effect of external flow on the velocity profiles for the conical and mixer noz-
zles alone is shown in figure 7. Data were taken at two axial locations downstream of
the nozzle exits. Results from the conical nozzle (fig. 7(a)) show that the peak velocity
is only slightly greater with external flow at a location close to the nozzle exit and near
the end of the potential core (X/D = 5. 15). Also, the width of the profile is greater
with external flow; in the high-velocity region (e.g., at 80 percent of the peak velocity,
or approx 240 m/sec) the profile with external flow is 17 percent wider than that with-
out external flow. At a distance farther downstream of the nozzle exit (X/D = 13, 4)
the peak velocity with external flow is approximately 18 percent greater than that for
the static condition; also, the profile is wider with external flow,

The mixer-nozzle profiles (fig. 7(b)) indicate that for both axial distances and/or
external flow conditions the flow from the nozzle is still undeveloped, as shown by the
radial displacement of the peak velocities. Farther downstream (X/ De > 9, 6) the flows

from the individual jets coalesce and form a single parabolic profile, with the peak ve-

locity occurring on the nozzle axis. At both axial locations shown in the figure the

peak velocity is increased when the nozzle is subjected to external flow. However,
the peak velocities are still well below the nozzle jet velocity of 315 meters per second.
In contrast to the conical-nozzle results the profiles in the high-velocity region are
slightly narrower with external flow.

Local peak velocity ratios as a function of X/D (or X/De for the mixer nozzle)

are shown in figure 8. The conical- and mixer-nozzle data are from references 6

and 9, respectively, The results are typical for all nozzle jet velocities and show that
The effect of ex-

a greater rate of velocity decay is obtained with the mixer nozzle,
ternal flow occurs about 4 or 5 diameters (Dg for the mixer nozzle) downstream of the
nozzle exits and influences the decay rate of the mixer nozzle more than that of the
conical nozzle.

The 60° flap impingement location noted in figure 8 represents the distance along
the nozzle axis from the nozzle exit to the impingement point on the trailing flap. As-
suming a sixth-power relation between peak flap impingement velocity and jet-flap in-
teraction noise (ref. 3), the increased velocity as a result of external flow would raise
the jet-flap interaction sound levels of the conical-nozzle configuration by about 1 deci-
bel, Tor the mixer nozzle, sound levels would be raised approximately 5 decibels,
based solely on the increased flap impingement velocity. However, the resulis of ref-

erence 6 show that external flow attenuates jet mixing noise (possibly because of a re-

duction in shear at the jet boundary)., Since noise sources in an EBF system include

the jet noise and the jet-flap interaction noise, it is difficult to evaluate what the net

effect would be. The following sections present the acoustic results for the EBF sys-

tem used herein and show that the expected increase in the sound levels did not occur,

6
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ACOUSTIC RESULTS

In this section, experimental data are presented to show the acoustic characteris-
tics of the free jet and to establish the noise floor of the facility. This is followed by
a comparison of the data for the nozzles alone (without the wing) with and without ex-
ternal flow. Corrections are made to the data for the nozzles alone in order to show
the effects of convection and refraction that are caused both by the external flow and by
the shear layer between the external flow field and the stationary ambient air. These
corrections are made by the methods presented in references 10 and 11, The nozzle-
alone data are then compared with other experiments in terms of the variation of the
relative-velocity exponent with directivity angle.

The nozzle-plus-wing data are presented as measured, that is, corrections are
not made for refraction and convection since the available theoretical methods are not
believed to be directly applicable to this test configuration.

Free Jet

In figure 9, 1/3-octave-band spectra are presented for the free jet with the coni-
cal nozzle in place but with no flow., Data are presented for the conical nozzle alone
and also for the conical nozzle/wing with various flap deflection angles. The data are
shown for an angle of 90° from the nozzle inlet but are typical of the results for all
angles from 40° to 100°. The sound levels for all configurations peak at 315 hertz and
decrease rapidly above this frequency. The conical nozzle alone and the conical
nozzle/wing with retracted flaps show similar trends from 315 hertz to about 6300
hertz. Similar agreement is also shown in the data for the nozzle/wing configurations
with the flaps deflected to 10°-20° and 30°-60°. Above 6300 hertz the sound levels
for all configurations decrease with about the same slope. The data in figure 9 show
that the free jet operating alone (small nozzle inoperative) is primarily a low-
frequency noise source regardless of the test model configuration,

One-third-octave-band spectra for the free jet with and without the conical nozzle
operating (the wing is not in place in this configuration) are presented in figure 10,
The data without the conical nozzle operating were taken from figure 9. Figure 10
illustrates the magnitudes of the differences in sound levels that occur when both noz-
zles are operating and when the free jet is operating alone. Also, the subtraction of
the free-jet noise from the noise produced by both nozzles is illustrated.

For either flow condition (free jet plus conical nozzle or free jet alone) the free
jet is acoustically dominant at 315 hertz and below (fig. 10). Above 315 hertz the
noise from the conical nozzle becomes increasingly more dominant, as indicated by



the increase in separation of sound levels for the two flow conditions, The free-jet
noise must be subtracted from the noise produced when both nozzles are operating in
order to arrive at conditions that actually simulate the noise characteristics of the
conical nozzle subjected to external flow, These data are shown in figure 10 as cor-
rected data. For example, at 400 hertz the uncorrected sound pressure level is

77 decibels for flow from both nozzles (square symbols), whereas for flow from the
large nozzle alone (free jet) the level is 73, 5 decibels (circular symbols). The net re-
sult is a corrected level of 74, 5 decibels for the conical nozzle with external flow (dia-
mond symbols). As the difference between the noise produced by both nozzles and that
produced by the free jet alone increases, the correction becomes smaller, At 800
hertz, for example, a difference of 15 decibels exists, With this magnitude, a correc-
tion of less than 0. 2 decibel is subtracted from the noise produced by both nozzles to
give the sound pressure level for the conical nozzle with external flow.

Test Nozzles without Wing

Conical-nozzle sound power level. - The variation of overall sound power level
for the conical nozzle, without external flow, as a function of jet velocity is shown in
figure 11, The data generally follow an eighth-power relation except for the highest
value of jet velocity (340 m/sec). The deviation from the eighth-power relation in the
high-velocity range is caused by the presence of shock noise, The sound power level
spectra for various jet velocities and without external flow (fig. 12) suggest that the
shock noise occurs at the high-frequency end of the spectra for the highest jet velocity
tested (337 m/sec). y

How external flow affects sound power level spectra at supersonic jet velocities ‘fﬁ
(for fully expanded flow, the jet Mach number is 1.09) is shown in figure 13(a). Exter- g

i
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nal flow reduces the sound power level at the low-frequency end of the spectra (below
4000 Hz), but the levels are affected only slightly for frequencies above 8000 hertz,
At subsonic jet velocities (fig. 13(b)) the sound power levels are reduced over the en-
tire frequency range when the nozzle is subjected to external flow, This reduction in {
level is probably caused by a reduction in shear at the jet boundary that occurs when i
the nozzle flow is subjected to external flow,

Overall sound power level as a function of relative velocity (difference between f

nozzle jet velocity and external flow velocity, V. - Vy) is shown in figure 14 for the |

conical nozzle alone. A family of curves is formed when the data are presented in this
At a given

manner, implying that relative velocity alone does not correlate the data. J
nozzle jet velocity, a reduction in sound power level occurs with an increase in exter- {
nal flow velocity. For subsonic nozzle jet velocities, a sixth-power relation with rela- l




tive velocity is followed; for supersonic velocities, a fourth-power relation exists.

An analytical study presented in reference 12 suggests a subsonic jet noise reduc-
tion with forward velocity based on the relative velocity to the seventh power multiplied
by the jet velocity. With this concept as a basis, all experimental data presented here-
in were correlated in terms of an external flow parameter that has the form
AN

Vj 1-—

Vs

The exponent of the term in parentheses varied with the configuration and the directiv-
ity angle and was determined by curve fitting the experimental data.

The conical-nozzle overall sound power level data are shown in figure 15 as a
function of the external flow parameter. The subsonic nozzle jet velocity data of fig-
ure 15 are adequately correlated by the form of the parameter shown, However, the
supersonic data require a different form of the parameter and/or additional variables
for correlation over the entire range of test conditions.

Conical-nozzle sound pressure level. - How external flow affects overall sound

pressure level directivity patterns at supersonic velocities is shown in figure 16(a).
External flow reduces the sound level over the entire acoustic field, with only minor
changes in directivity, Sound pressure level spectra at 60° from the nozzle inlet are
shown in figure 16(b) and reveal that broadband shock noise is present at the high-
frequency end (above 4 kHz) of the spectra. Increasing external flow velocity, again,
reduces the low-frequency sound level but has little effect on the sound level at the
high-frequency end of the spectra for supersonic jet velocities. Comparing the 60°
data with the sound pressure level at 90° (fig. 16(c)) shows that the peak level in the
shock noise region is lower for the 90° data. At 160° from the nozzle inlet (fig. 16 (d))
and with no external flow, the jet noise is dominant and completely masks the effect of
shock noise. However, with external flow, remnants of the shock noise are evident at
the high-frequency end (above 5 kHz) of the spectra. At this angle (1600) the low-
frequency noise is considerably greater than at the other angles from the nozzle inlet,
either with or without external flow.

Overall sound pressure level directivity patterns for a typical subsonic nozzle jet
velocity are shown in figure 17(a). The levels are reduced as a result of external flow
for all angles from the nozzle inlet. The spectra at 90° (fig. 17(b)) show a reduction

= in level over the entire frequency range when the test nozzle is subjected to external

. flow. The spectra at 160° (fig. 17(c)) show that the peak level at this angle occurs at

the low-frequency end of the spectra, with a typical lowering of levels as a result of
the influence of external flow,



To properly compare the static and dynamic data, it is desirable to have the same
distance and angular position relative to the noise source for both cases. The data
with external flow are influenced by convection and refraction caused by the external
flow field since the microphones are placed outside the free stream, References 10
and 11 present an analytical method that can be used to correct for the refractive and
convective effects in nozzle~alone tests. This analytical method was applied to the
data shown in the directivity plots of figures 16(a) and 17(a), and the results are shown
in figures 18(a) and (b), respectively. The figure indicates that the corrected sound
levels, with external flow, are higher than the uncorrected levels in the forward quad-
rant (6 < 900) and lower in the rearward quadrant, Also a change in directivity angle
is apparent. The analysis is not applicable to angles greater than 1502 in this instance,
so the measured data at 155° and 160° were left uncorrected.

For the corrected sound pressure levels the data were plotted in terms of overall
sound pressure level as a function of relative velocity (Vj - Vf) in order to determine
the relative-velocity exponent, An example is shown in figure 19 for data at 90° from
the nozzle inlet. For these data, no correction need be applied tothe measured values,
At a given subsonic nozzle jet velocity a 5. 7-power relation exists, whereas for jet
velocities above sonic a 4. 2-power relation is shown, The exponents were determined
from plots similar to the one shown in figure 20, where the change in overall sound
pressure level is plotted as a function of jet velocity and relative velocity. The line
drawn through the data was determined graphically, the slope being the relative-
velocity exponent.

How the relative-velocity exponent, for the subsonic jet velocity data, varies as a
function of directivity angle is shown in figure 21, The analyses of references 10
and 11 show that the corrected directivity angle is a function of free-stream Mach
number, which explains the two sets of symbols in the figure,

The corrected relative-velocity exponent obtained from the tests described herein
is compared with results from other experiments (refs. 13 to 15) in figure 22, The '1
data are for conical nozzles with diameters ranging from 4. 44 to 10, 2 centimeters, !
Data from the references were obtained in acoustic wind tunnels; in reference 13 the
microphones were outside the free stream, whereas in references 14 and 15 the mi-
crophones were within the flow from the wind tunnel, The area ratios are the ratios |
of free~stream area to nozzle exit area, The exponent generally increases with in-
creasing directivity angle, and there is a considerable amount of scatter in the data
from the various tests in the rearward quadrant (8 > 900). |

The overall sound pressure level at 90° for the conical nozzle without the wing is
correlated with an external flow parameter in figure 23. Again, the supersonic data

are displaced from the eighth-power curve faired through the subsonic data. When
presented in this manner the product of the exponents (8 X 0.71 ~ 5,7 in this case)

R e re————
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becomes the relative-velocity exponent shown in figure 22 as a function of directivity
angle,

Mixer-nozzle sound power level. - Overall sound power level as a function of noz-
zle jet velocity for the eight-tube mixer nozzle alone, without external flow, is shown
in figure 24, An eighth-power variation holds over the entire velocity range for this
nozzle. The sound power level spectra (fig. 25) also show that the noise was generally
broadband over the entire frequency range. For this nozzle, the shock noise at the
highest velocity was beyond the range of these data (frequency >20 kHz) because of the
small tube diameters. Increasing the diameter of the individual tubes would lower the
frequency at which the shock noise occurs. For example, in acoustic tests for a six-
tube mixer nozzle with individual tube diameters of 2, 36 centimeters (ref. 16), shock
noise was present at approximately 20 kilohertz for a jet velocity of 337 meters per
second.

How external flow affects the sound power level spectra for the mixer nozzle is
shown in figure 26. The results are generally similar to those for the conical nozzle
in that the levels are reduced over the entire frequency range when the nozzle is sub-
jected to external flow,

The variation of overall sound power level with relative velocity is shown in fig-
ure 27. For a given jet velocity the sound power is proportional to the sixth power of
relative velocity. The overall scund power level is correlated with an external flow
parameter in figure 28; the correlation is similar to that for the conical nozzle.

Mixer-nozzle sound pressure level. - Overall sound pressure level directivity
patterns at 3. 05 meters for the eight-tube mixer nozzle alone are shown in figure 29(a)

for a subsonic nozzle jet velocity and various external flow velocities. The results are
typical of all nozzle jet velocities tested. Sound levels are reduced at all angles be-
cause of external flow, and the patterns are generally similar except in the rearward
quadrants near the nozzle axis (e. g., 140° to 160° from nozzle inlet)., The spectra for
three different angular locations are shown in figures 29(b) to (d). Sound pressure
levels are reduced over the entire frequency range at all angles when the nozzle is sub-
jected to external flow, with the greatest reduction occurring at 160° (fig. 29(d)).

The overall sound pressure level data shown in figure 29(a) were corrected for re-
fraction and convection and compared with the measured data (fig. 30), Again, as with
the conical nozzle, the levels for the corrected data are greater in the forward quad-
rant (6 < 900) and less in the rearward quadrant, Relative-velocity exponents for the
mixer nozzle were determined from the corrected data in the same manner as was
used for the conical nozzle (see fig. 20) and plotted as a function of directivity angle in
figure 31. At a given angle the exponent for the mixer nozzle is less than that found
for the conical nozzle (compare with fig, 21).

The overall sound pressure level at 90° as a function of the external flow parame-
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ter is shown in figure 32, where again the product of the exponents (8 X 0.61 =~ 4,9) is
the relative-velocity exponent shown in figure 31,

Test Nozzles with Wing

Conical nozzle, - The overall sound pressure level directivity patterns at 3. 05
meters for the conical nozzle/wing, for typical simulated landing conditions, are
shown in figure 33(a). The wing flaps were set at 300—600, and the nozzle jet velocity
was 208 meters per second. Data for two values of external flow are shown, as well
as for the static case. Maximum external flow velocity with the wing in place was lim-
ited to about 54 meters per second in order to avoid structural damage to the wing
model, Only a slight reduction in sound levels occurred when the model was subjected
to external flow, except at 150° from the nozzle inlet, Directivity, in general, was
also unaffected by external flow., The spectra at 80° from the nozzle inlet (fig. 33(b)),
or the peak flyover noise location, show only a slight reduction in levels over the en-
tire frequency range, with the largest effect occurring in the low-frequency region
(315 to 1250 Hz). Nozzle-alone data are included in the figure for comparison, Simi-
lar results are reported in reference 17 for large-scale-model wind tunnel tests, The
results presented in figure 33 are typical for other values of nozzle jet velocity and

other angles.
The overall sound pressure level at 80° as a function of relative velocity for the

30°-60° flap setting configuration are shown in figure 34. The data in the figure indi-
cate a 1. 17-power relation for a given jet velocity and imply a relative insensitivity to
external flow effects for this configuration. The overall sound pressure level at 80° is ;
correlated with an external flow parameter in figure 35. A seventh-power relation ap- '
plies over the entire range of test conditions. Examination of the spectra at this angle
for the supersonic jet velocity data both for the conical nozzle alone and for the nozzle

with wing (fig, 36) leads to the following observations: The shock noise for the nozzle

alone (at approx 10 kHz) is considerably less than the flap noise (low-frequency region),
and does not contribute substantially to the overall noise level for the nozzle-wing con-

figuration.
The relation among the overall sound pressure level at various angles, the relative

velocity, and the external flow parameter is summarized in table II, The table shows
the relation for the 5. 08-centimeter-diameter conical nozzle/wing with various flap
deflection angles, The data for the 10°-20° and retracted flap settings are discussed
in subsequent sections, The equations accompanying the table show that overall sound
pressure level, at a given angle, is proportional to either the relative velocity raised
to a power a or to the velocity parameter raised to a power c. The exponent b of
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the term in parentheses varied with the angle from the nozzle inlet and/or with the
configuration tested and is also listed in the table, All exponents (a, b, c) were deter-
mined by curve fitting the data.

Normalized sound pressure level as a function of Strouhal number is shown in fig-
ure 37 for the conical nozzle/wing with the 30°-60° flap setting. The data are for an
angle of 80° from the nozzle inlet. Sound pressure levels for each spectrum are nor-
malized by subtracting the overall sound pressure level from the sound pressure level
at a given 1/3-octave-band center frequency. The supersonic jet velocity (336 m/sec)
data were not used in this correlation since it was felt that the spectra were influenced
by the shock noise (even though the overall level was not appreciably affected by the
shock noise). The Strouhal number was based on the diameter of the conical nozzle
(6. 08 cm) and on the nozzle jet velocity Vj' The data in figure 37(a) show a relatively
broad band characteristic with a peak occurring at a Strouhal number of about 0. 6,
For Strouhal numbers above 0. 2 the data are correlated satisfactorily, Below this
value, however, the data scatter increases. By removing the data for the static case
(no external flow), a better agreement over the entire range of test conditions was ob-
tained when correlated with either jet velocity (fig. 37(b)) or relative velocity (fig.
37(c)). Similar results, in terms of spectral shape and peak Strouhal number, were
obtained for other angles from the nozzle inlet,

Typical noise radiation pattcrns for a takeoff flap setting of 100-200, with the
conical nozzle, are shown in figure 38(a). Greater attenuation occurred for this flap
setting than occurred for the 30°-60° setting (fig. 33(a)) when the wing model was ex-
posed to external flow. Directivities were generally the same for either the static
case or the case with external flow, The spectra at 100° (fig. 38(h)), or near the peak
flyover noise location, indicate an attenuation over the entire frequency range as a re-
sult of external flow. Data for the nozzle without the wing are included for compara-
tive purposes.

The overall sound pressure level at 100° as a function of relative velocity (fig. 39)
shows a 3. 3-power relation for a given nozzle jet velocity. In the correlation of the
overall level at 100° with the external flow parameter (fig. 40), the supersonic data
(Vj of 340 m/sec) are displaced from the seventh-power curve faired through the sub-
sonic data points. Comparing the spectra for the nozzle alone and for the nozzle/wing
with 10°-20° flaps for the supersonic velocity data (fig, 41) shows that nozzle shock
noise is dominant at the high-frequency end of the spectra and influences the overall
levels enough for the 10°-20° configuration to cause the discrepancy evident in fig-
ure 40,

Comparing the data for the takeoff configuration (10°-20° flap setting) with the
wind tunnel results presented in reference 15 shows similar trends, in that attenuation
occurs as a result of external flow. However, the absolute values of attenuation are
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not in agreement, which could be attributed to the differences in model configurations
for the two experiments,

Normalized sound pressure level spectra at 100° from the nozzle inlet for the
10°-20° flap setting are shown in figure 42, The data peak at a Strouhal number of
about 0. 3 and, as with the 30°-60° flap data, show an increased amount of scatter for
the lower Strouhal numbers but good agreement for the higher numbers,

The noise data for the conical nozzle/wing with the flaps in the retracted setting
are presented in figure 43, The overall sound pressure level (fig. 43(a)) shows that an
even greater attenuation occurs, as a result of external flow, for this flap setting than
occurs for the two other configurations (300—600, 100—200). The spectra directly
under the wing (fig. 43(b)) and at the maximum flyover noise location (fig. 43(c)) show
that attenuation occurs at all frequencies, The overall sound pressure level at 120°
follows a 6, 5-power relation with relative velocity (fig. 44) and correlates with the
seventh power of the external flow parameter (fig. 45).

Summarizing, the general trend is to show increasing amounts of attenuation as a
result of external flow as the wing flaps are progressively retracted from the air-
stream. The absolute values of the sound levels are, of course, lower when the flaps
are raised,

Mixer nozzle. - The increase in velocity at the flap impingement location when the
mixer nozzle is subjected to external flow (fig. 8(b)) implies an increase of about
5 decibels in flap noise as a result of the dependence of flap noise on the sixth power of
flap impingement velocity. However, except for differences in levels caused by differ-
ences in nozzle type and size, the results obtained with the mixer nozzle were gener-
ally similar to those obtained with the conical nozzle, That is, sound levels were re-
duced and directivity patterns were not altered when the mixer-nozzle/wing combina-
tion was exposed to external flow,

The noise data for the mixer nozzle/wing with the 30°-60° flap setting are shown
in figure 46. The overall sound pressure level at 3. 05 meters (fig. 46(a)) shows that
external flow causes only a slight noise reduction for this configuration at angles from
40° to 100°. The spectra at 80° from the nozzle inlet (fig. 46(b)) show that external
flow reduces the noise levels in the low- and high-frequency ranges with little or no
attenuation of the middle frequencies.

The overall sound pressure level at 80° for the 30°-60° flap setting as a function
of relative velocity is shown in figure 47, At a given nozzle jet velocity the sound var-
ies as the 1.6 power of relative velocity, Correlating the overall level at 80° (fig. 48)
shows that the level at this angle varies as the seventh power of the external flow pa-
rameter,

Normalized sound pressure level spectra for the mixer nozzle/wing with the
30°-60° flap setting (fig. 49) show scattering trends that are similar to those for the

14




conical nozzle (fig. 37(a)). For example, for high Strouhal numbers, the data corre-
lated fairly well; for low Strouhal numbers, however, the data scatter increased. The
Strouhal number in figure 49 is based on the equivalent diameter of the mixer nozzle
(3.98 cm).

Table III summarizes the functional relations between the overall sound pressure
level at various angles and the relative velocity and external flow parameter for the
mixer nozzle/wing with various flap settings. The trends are generally similar to
those found for the conical nozzle, That is, increasing amounts of attenuation were
obtained, as a result of external flow, as the wing flaps were raised.

Flap impingement velocity. ~ As reported in references 3 to 5, flap noise without
external flow can be correlated in terms of the sixth power of peak flap impingement
velocity. Peak~velocity decay rates for the mixer nozzle, similar to those shown in
figure 8, were obtained as part of the experimental work reported in reference 6, In
that work, data were obtained over a range of jet velocities and external flows so that
local peak velocities at the flap impingement station, measured along the nozzle axis,
could be calculated for the test conditions reported herein. In figure 50(a) the overall
sound pressure level at 80° from the nozzle inlet is shown for the mixer nozzle/wing
with the 30°-60° flap setting as a function of the peak flap impingement velocity. The
data show that at a given nozzle exhaust velocity the overall sound pressure level de-
creases when the flap impingement velocity is increased by increasing external flow.
Figure 50(b) shows the results for the 10°-20° flap setting at 100° from the nozzle
inlet. The reduction in level is greater than for the 30° 60° setting for a given
change in impingement velocity.

The data for the 30°-60° flap setting at 80° from the nozzle inlet are correlated
in figure 51(a) in terms of the peak flap impingement velocity without external flow
(Vip)o and a multiplying factor similar to that used to correlate the data with the jet

velocity (fig. 48). The overall sound pressure level follows a sixth-power relation
when correlated in this manner. For zero external flow velocity the results agree
with those reported in references 3 to 5.

The correlation of overall sound pressure level at 100° from the nozzle inlet for
a flap setting of 10°-20° is shown in figure 51(b). The multiplier of (Vip)o for this

configuration is also similar to the one employed to correlate the data with the jet ve-
locity (table TII). Results of the correlation of overall sound pressure level at various
angles from the nozzle inlet with the peak flap impingement velocity are listed in ta-
ble IV for the 30°-60° and 10°-20° flap settings.

Symmetrical airfoil with mixer nozzle. - As part of the work reported in refer-

ence 18, the mixer nozzle used herein was tested with a symmetrical airfoil having its
chord line placed parallel to the nozzle axis. Therefore, the angle of attack of the
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wing with respect to the nozzle axis was zero, Consequently, the trailing edge of the
airfoil was moved farther away from the high-velocity flow field of the mixer nozzle
(fig. 7(b)). For example, for the nozzle/wing configuration with the flaps retracted,
the trailing edge of the wing was 6. 5 centimeters (r/D e = L 6) above the nozzle axis,
However, for the symmetrical airfoil with its chord line parallel to the nozzle axis
(fig. 5(a)), this distance increased to 9. 15 centimeters (r/D e = 2. 3). An examination
of figure 7(b) illustrates the approximate reduction in the velocity at the trailing edge
with this increase in distance.

The overall sound pressure level radiation patterns for this configuration change
are compared in figure 52(a). The effect on the directivity patterns is relatively minor
either with or without external flow, The greatest disagreement in spectral distribu-
tion occurred at 120° from the nozzle inlet. These data are compared in figure 52(b)
and show that there is a 2- to 3-decibel separation in the high-frequency region of the
spectra either with or without external flow. At other directivity angles the differ-
ences were minor and/or inconsistent in trends.

A sample of the spectral data at 90° for the symmetrical airfoil is shown in fig-
ure 53 for different jet velocities. Greater attenuation occurs, as a result of external
flow, in the high-frequency region of the spectra for the lowest jet velocity tested,

SOURCE-MOTION EFFECTS

The presentation of the nozzle/wing model results thus far has been for a station-
ary noise source as well as for a stationary observer, In a situation where the noise
source is moving relative to the observer, such as an airplane flyover, other effects
must be taken into consideration. These are the convective amplification of the noise !
and the Doppler shift in frequency.

In estimating the source-motion effect on the model results, the flap noise is as-
sumed to be radiating from a point dipole on the trailing flap, and the work of refer-
ence 19 is applied to the data reported herein. Reference 19 gives the relative-motion
effect for a point-dipole noise source. The convective amplification is given by

Vv

f
A(OASPL)D = (OASPL)ﬂight - (OASPL)static = ~40 log|1 - c— cos 0 (1)
0

PR

and the effect on frequency by
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(2)

The attenuation due to external flow can be obtained from the functional relations
of table II (conical nozzle), The change in overall sound pressure level is given by

V- - Vf
= 10be log|[—1—2 (3)

J

A(OASPL); = (OASPL)py; oy - (OASPL) 4 i

The product of the exponents bec is a function of the trailing-flap setting and the angle
from the nozzle inlet. The net effect on overall sound pressure level for a moving
source can be written as

Ve V- Ve
- 40 log|1 - [ — }cos @] + 10bc log|[—L—2 4)

(OASPL) = (OASPL)
net cq Vj

static

An example of the overall sound pressure level radiation patterns that show the
calculated effect of source motion is given in figure 54. An ambient speed of sound Cqy
of 335 meters per second was used for the evaluation of equation (1). I figure 54(a),
data for a trailing-flap setting of 60° are given and show that the net overall sound
pressure level for angles close to the nozzle inlet is higher than that for the stationary
source with external flow. For angles greater than 900, more attenuation occurs as a
result of these effects. For the 20° flap setting (fig. 54(b)) the trends are similar,

SUMMARY OF RESULTS

The results of an investigation of the effect of simulated forward velocity (gener-
ated by a free jet) on the acoustic characteristics of a model of an under-the-wing, ex-
ternally blown flap (EBF) lift augmentation system with a conical nozzle and an eight-
tube mixer nozzle can be summarized as follows:

1. Simulated forward velocity (approx 54 m/sec) attenuates the noise from an EBF
system. The degree of attenuation depends on the trailing-flap settings and the direc~
tivity angle, with less attenuation occurring at the higher flap settings. With the 60°
trailing-flap setting the OASPL at a directivity angle of 90° is reduced by about 1 deci-
bel; with the 20° flap setting the OASPL at the same directivity angle is reduced by
4 decibels.

2, Noise radiation patterns for the EBF model were unchanged, over the range of
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conditions investigated, when the model was subjected to simulated forward velocity.

3. The calculated effect of source motion shows that with either the 20° or 60°
trailing-flap setting the noise level in the forward quadrant (00 to 900) under the wing
is greater than that measured with a stationary source subjected to simulated forward
velocity. However, the calculations show that a lower noise level than was measured
with the stationary source occurs in the rearward quadrant (>900) as a result of source
motion,

4, For the conical nozzle/wing with the 60° trailing-flap setting the relative-
velocity exponent varied with directivity angle, ranging from 1,17 to 2,4, With the 20°
flap setting the exponent was almost invariant, ranging from 3. 3 to 3. 8.

For the mixer nozzle/wing with the 60° flap setting the exponent increased contin-
wously from 0. 27 at 40° from the nozzle inlet to 3. 1 at 100°, With the 20° flap setting
the exponent ranged from 3,9 to 5.4,

5. The effect of simulated forward velocity on the conical nozzle/wing with the 60°
flap setting was to reduce the low-frequency sound levels (200 to 1600 Hz), The high-
frequency sound levels (above 2000 Hz) in the forward quadrant and under the wing
were generally unaffected by simulated velocity. With the 20° flap setting the sound
levels were reduced over the entire frequency range.

For the mixer nozzle/wing with the 60° flap setting the low-frequency (200 to
630 Hz) and high-frequency (5 to 20 kHz) sound levels were reduced as a result of
simulated forward velocity. The middle frequency range (800 Hz to 4 kHz) was un-
affected. With the 20° flap setting the sound levels were reduced over the entire fre-
quency range.,

6. Overall sound power level for the conical nozzle alone varied as the sixth power
of relative velocity for subsonic jet velocities, For supersonic jet velocities the varia-
tion was a fourth-power relation. The supersonic jet velocity data showed a double-
peak power spectra with or without simulated forward velocity, The high-frequency
peak sound power level (8000 Hz) was caused by shock noise and was unaffected when
the model was subjected to forward velocities; the low-frequency peak sound power
level (1250 Hz) was attenuated.

7. Overall sound power levels for the mixer nozzle alone varied as the sixth power
of relative velocity over the entire range of conditions tested.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 30, 1976,
505-05,
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APPENDIX - SYMBOLS

constants used in tables I, II, and IIT
ambient speed of sound, m/sec

diameter, cm

equivalent diameter, \/4(Tota1 area)/w, cm
emitted frequency, Hz
observed frequency caused by Doppler effect, Hz

overall sound pressure level defined by eq. (4), dB referenced to
2x107° N/m?

measured overall sound pressure level without external flow, dB
referenced to 2x10™° N/m2

change in overall sound pressure level caused by convective ampli-
fication

change in overall sound pressure level caused by external flow, dB
radial distance from nozzle axis, cm

local peak velocity, m/sec

relative velocity, Vj - Vg, m/sec
external flow velocity (free jet), m/sec

peak flap impingement velocity, m/sec

peak flap impingement velocity without external flow, m/sec

jet velocity, m/sec

distance downstream of nozzle exit, cm

distance downstream of nozzle exit to impingement point on 60° flap
measured along nozzle axis, cm

angle from nozzle inlet, deg
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TABLE 1. - TEST CONFIGURATIONS AND CONDITIONS

Test nozzle

Wing configuration

Flow condition

TABLE II, - RELATION AMONG OVERALL SOUND
PRESSURE LEVEL AT VARIOUS ANGLES, RELATIVE
VELOCITY, AND EXTERNAL FLOW PARAMETER
FOR THE CONICAL NOZZLE/WING WITH

VARIOUS FLAP SETTINGS

Model jet | Free jet
On | Off On | Off
Conical nozzle No wing X X
x | x
X
10°-2¢° Flaps X
X
X X
30°-60° Flaps ! X
X
X
Retracted flaps X X
X
X
Mixer nozzle No wing X X
X
10°-20° Flaps X
X X
X X
30°-60° Flaps X
X
Retracted flaps X X
X

51°
a Vf
OASPL « (V, - V)% OASPL« |V,[1-—
U i\,
J
Wing configuration | Angle from Constant
nozzle inlet,
9, a b c
deg
30°-60° Flaps 40 1.95 | 0,325 | 6
60 ! 1.35 .225 | 6
80 1,17 167 | 7
90 2.1 .263 8
100 2.4 L2679
10°-20° Flaps 40 3.8 0.633 6
60 3.5 . 583
80 3.4 . 567 i
90 3.4 . 567
100 3.3 L4717
120 3.3 4717
Retracted flaps 40 4.4 0.628 7
60 6.0 1.0 6
80 6.3 1.05 6
90 ' 6.0 1.0 6
100 6.1 .87 7
120 6.5 .93 i
140 . 6.9 .86 , 8
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TABLE I, - RELATION AMONG OVERALL SOUND

VELOCITY, AND EXTERNAL FLOW PARAMETER

FOR THE MIXER NOZZLE/WING WITH

VARIOUS FLAP SETTINGS

OHMm%-W%MWMf%L

bc

Vi

PRESSURE LEVEL AT VARIOUS ANGLES, RELATIVE

Wing configuration  Angle from Constant
nozzle inlet,
9, a b c
deg
30°-60° Flaps 40 0.27 0,038 7
60 .865 123
80 1.6 .228
920 2.15 307 Y
00 131 .387 | 8
10°-20° Flaps 40 3.9  0.557 7
60 5.2 . 743 :
80 5.4 771
90 5.1 .728
100 4,71 .673
120 4,56 .651 ‘
140 4,54 .567 | 8
Retracted flaps 40 3.14 | 0.392 | 8
60 5.6 | .70 | 8
80 6.2 115 | 8
100 5.7 814 | 7
120 5.1 .637 | 8
140 5.2 .650 | 8

TABLE IV. - FUNCTIONAL RELATION BETWEEN
OVERALL SOUND PRESSURE LEVEL AND PEAK
FLAP IMPINGEMENT VELOCITY FOR THE

MIXER NOZZLE/WING WITH VARIOUS

FLAP SETTINGS
AN ¢
OASPL « <V. ) 1-—
R v,
j
Wing configuration  Angle from Constant
nozzle inlet,
K 9, b (¢
! deg
30°-60° Flaps | 40 0.05 6
‘ 60 .10
| 80 .20
| 90 .20
| 100 .25
! 10°-20° Flaps 40 0.60 | 6 |
| 60 .75
80
90
100
120
140 7
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Figure 2, - Test installation with 5, 08-centimeter-diameter conical nozzle and wing.
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Figure 3. - Model dimensions and configuration for 5. 08-centimeter-diameter conical nozzle installation. Wing flaps
in landing setting (30°-60°). (A1l dimensions in centimeters. )
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Figure 4. - Test installation with eight-tube mixer nozzle and wing.
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Figure 5. - Model dimensions and configuration for eight-tube mixer nozzle instaliation, Wing flaps in landing
setting (309-60%). (Alf dimensions in centimeters, )
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Figure 29. - Effect of external flow on sound levels from eight-tube mixer nozzle alone. Nozzle jet velocity, VJ-, 283 meters per second;
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Figure 38. - Effect of external flow on sound levels for conical nozzle/
wing with 10°-20° flap setting. Nozzle jet velocity, V:, 291 meters
per second; microphone distance, 3.05 meters.
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